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We present results @b initio simulations of the effect of hydrostatic pressure on the electronic structure,
lattice parameters, and electric-field gradigiEG) for hcp Zn and Cd using the full-potential linear muffin-
tin orbital method in conjunction with the new Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA) to the density functional for exchange correlation. Theoretical equilibrium volumes for Zn and Cd are
found to be in excellent agreement with experim@vitereas non-GGA corrected local density approximation
underestimates them by as much as 10%e find an anomaly in the pressure dependena® @fat reduced
unit cell volumes(at V/Vy=0.89 for Zn and in a broad region from¥V,=0.92 to 0.85 for Cyland a similar
anomaly in the EFG tensor. At the same time we do not find the electronic topological transition due to the
destruction of a giant Kohn anomaly which was previously thought to be responsible for the lattice anomalies
in Zn. [S0163-182697)02035-3

I. INTRODUCTION caused by the asymmetric charge distribution of phelec-
trons. As a result, the Fermi surface of Zand its isoelec-
Understanding the structural and electronic properties ofronic counterpart Cd differs from that of normal hcp
hexagonal-close-packedticp Zn and Cd is of fundamental metals—a difference that gives rise to the so-called giant
importance. The fact that these metals have unusually largeohn anomaly. When the Fermi level lies in the energy gap
c/a ratios (1.856 for Zn and 1.886 for Qdn comparison to  corresponding to a certain reciprocal-lattice ve@giso that
the ideal value of\/8/3~1.633 makes them unique in the 2k.=|G| is satisfied, a giant Kohn anomaly appearg=0,
family of hcp metals. Large/a ratios make many of their i.e., in the long-wavelength region. This anomaly can sub-
solid-state properties highly anisotropic and so have beestantially affect low-energy acoustic phonons, i.e., produce
extensively  studied both  experimentdly and  abrupt changes of phonon frequencies at wave vectors which
theoretically’™*~ Although the electronic and lattice proper- are related to extremal dimensions of the Fermi surfce.
ties of Zn and Cd have been studied for many years, recerithe giant Kohn anomaly in Cd was observed in an inelastic
publications on Zn by Takemuraon high-pressure powder neutron scattering experiment by Chernysiedal *° Recent
x-ray diffraction experiment&t room temperatujeand Pot-  linearized augmented plane-wave calculatibhé, per-
zel et al™ on ®7Zn Mossbauer studiegat 4.2 K) have formed at several experimental lattice parameters without
renewed interest in these metals, and seem to resolve tlowmplete structure optimization, suggest that a collapse of
guestion on the anomalous lattice properties of Zn undethe giant Kohn anomaly induced by pressure is responsible
hydrostatic pressure. The earlier studies by Lynch andor phonon softening a¥//Vy=~0.915 and possibly also of
Drickamef® which found a nonmonotonic pressure depen-the anomalous behavior of thea ratio. Unfortunately, no
dence of thee/a ratio in Zn and Cd are contradicted by more complete theoretical analysis of the lattice behavior of Zn
recent results by Schlutet al'® where c/a did not show under pressure exists so far. An earlier linear muffin-tin or-
such a behavior. Takemura has shdfthat the volume de- bital method (LMTO) calculatiort® of the volume depen-
pendence ofc/a in Zn changes its slope at/V,=0.893 dence of the axial ratio for Zn seems to reproduce the
(P=9.1 GPa, while Potzelet al!® found a drastic drogby ~ anomaly around//V,=0.92, but this could be questionable
a factor of 2 of the Lamb-Masbauer factor indicating a because ofi) the use of the atomic-sphere approximation
drastic softening of low-frequency acoustic and optical(ASA) and(ii) the use of adjusted correction terms so as to
phonons a¥/V,=~0.915 (P=6.6 GPa. A change in the cur- reproduce the experimental value at atmospheric pressure.
vature of the electric-field gradiefEFG) dependence on The main reason behind the lack of lattice parameter de-
pressure was also obsenEd? terminations from “first principles” was most probabithe
From theoretical studies, it is quite clear that the elecfailure of the local density approximatiofi.DA) to repro-
tronic structure of Zn plays a critical role in these phenom-duce the correct equilibrium volume of hcp Zn and Cd at
ena. As shown by Bodensteelt al.!’ the largec/a ratio in  zero pressure. The error in the equilibrium volume can be as
Zn and the consequent anisotropic lattice properties arkarge as 10% irV/V,, depending on the type of exchange-
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correlation potential useth. This was also found by 1000 ' . . . . . .
earlief®?! calculations, and these further reproduced ar R \\ o Experiment (Takemura)
anomaly inc/a near1.73, but not exactly a{3. The analy- TR & FPLMTO LDA c/a fixed

. - 800} &a 4 FP-LMTO LDA Zn-d shifted -
sis of the calculations could not relate the anomaly to a to ° e N «——e As above, but o/a optimized
pological effect in the band structure at a specific point in the So% N e LMTO-ASA LDA
Brillouin zone. This is in agreement with the results of the < 600 a %7\:‘\\ — = SIG-LMTO-ASA 8
present work presented and discussed below. £ 8, dga N O CFRLMIOGEA

Clearly, ab initio full-potential simulations of the lattice o 400t

behavior in Zn and Cd with pressure are needed. In thi

paper, we report results of the LDA based full-potential

LMTO simulation of the lattice and electronic properties for 2001

hcp Zn and Cd. In Sec. Il we present results of different o

approaches to overcome the LDA induced errors in equilib- 0.6
rium volume determinations. We show that exploiting the
new  Perdew-Burke-Ernzerhof generalized gradient
approximatioA? (PBE-GGA corrects the problem. In Sec.
Il we dIS(.:USS results aib initio Sl_mulatlons of the eff_ects of calculated by using various energy functionals and different band-
hydrostatic pressure on the lattice parf’ameters, unlt. c_e.II. VOlsiructure methods as described in the text. Experimental points
ume, bulk moduli, volume and uniaxial compreSS|b|I|t|es,(O|Oen circley are from TakemurdRef. 12.
and electric-field gradielEFG) tensor and electronic struc-
ture for hep Zn and Cd. We show that at reduced volume, theaysed by numerical inaccuracies in the band-structure cal-
anomaly in thec/a ratio does exist and occurs at cylations or from application of a too small basis set. An
VIV(=0.89 for Zn and over a rang¥/V,=0.92t0 0.85 for  jndependent LMTO-ASA calculatiofdotted curve in Fig. 1
Cd. We also find that the volume dependence of the EFGjives essentially the same equilibrium volume as the FP-
tensor for Zn and Cd is very similar to the one for the aX|a|LMTO volume (Open triang'eb but the pressure rises more
ratio and also exhibits the anomalies at the same *“critical” rapjdly with lattice compression. This difference is due to the
volumes. Moreover, we find a CertaWVO interval where use of ASA. Another FP-LMTO calculation using a com-
the total-energy curve versesa shows a double-well struc- pletely different computer codggave results that agree with
ture with an extremely small energy barrier that yields anthose represented by the open triangles when a similar basis
uncertainty in the determination of the equilibrium lattice set was applied.
parameter, which we connect with the possibility of a sort of  One might suspect that an extension of the basis set could
disorder in the system. On the other hand, our results do ngiffect the calculated energies. Especially in a case like the
confirm the ide&'*that the electronic topological transition present one where thed3tates must be included as band
(ETT) caused by the destruction of a giant Kohn anomaly isstates, a simultaneous inclusion af # the basis(in the
the driving force for the lattice and phonon anomalies ob-sgme energy panetould be important. By expanding the
served in Ref. 12. basis we only found a small change in the equilibrium vol-
ume (less than 0.5%). Consequently, the error was ascribed
to the LDA, and several ways of correcting for this were
examined. The dashed curve in Fig. 1 represents the self-
As we mentioned in the Introduction, the conventionalinteraction corrected LMTO-ASASIC-LMTO-ASA) (Refs.
LDA approach fails to reproduce correctly the equilibrium 29,30 results. The theoretical equilibrium volume is now in
volume for hcp Zn and Cd. This is very unfortunate, if one perfect agreement with experiment. The fact that Eh¥
wants to study the lattice properties of these metals, espeaelation is too steep is due to the ASA; the dashed and the
cially under hydrostatic pressure. In order to find out how todotted curves in Fig. 1 are parallel. The calculations given by
improve the LDA results we have examined different correcthe diamonds and labeled FP-LMTO-GGA include general-
tions to the LDA and we have applied different band struc-ized gradient correction®.Also the GGA yield an equilib-
ture methods. The latter are various implementations of theum volume that agrees with experiment.
linear method$3?* Accurate predictions of structural param-  In order to understand the impact of GGA on the elec-
eters cannot be made if shape approximations are made astionic band structure we compared the energy bands of Zn
the ASA that employs spherically symmetrized potentialsalong several high-symmetry directions in the BZ calculated
Full-potential (FP) implementations, such as the full- with and without the GGA corrections and found them to be
potential linear augmented plane-waffl APW) (Ref. 25 practically identical. Therefore the GGA corrections to the
or the FP-LMTO(Ref. 26 schemes are needed. P-V relation in this case are exclusively due to changes in
In order to compare different energy functionals andthe Coulomb interactions in the total-energy functional. The
methods of calculation, we examine the zero-temperatureorrection mechanism is then different from that of the SIC
isotherm (pressure-volumeP-V relation for Zn. First, we or from that represented by the filled triangles in Fig. 1,
used conventional LDA and applied the FP-LMTO which is a standard LDA calculation except for the fact that
method?® The calculatedP-V relation differs substantially the Zn-31 states were shifted down by 2 eV in all iterations
from experiment?’ as can be seen from Fig. 1. The equi- towards self-consistency. This reduces the hybridization be-
librium volume is 10—11 % too small indicating a substantialtween the 8 states and the remaining valence states, and
overbinding. We first examined whether this error could bethus the overbinding is reduced. The resulting equilibribrium

FIG. 1. The zero-temperature pressure-volume relation for Zn

II. CHOICE OF COMPUTATIONAL TECHNIQUE
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FIG. 2. FP-LMTO total energy as a function of volume for hcp Cd (Refs. 12, 27, and 40 The insets show the data in the low
Zn and Cd withc/a optimized for each volumé&oint shown. The pressure region where the calculated data is shown as solid circles.

insets show the total-energy curves around their minima. within the framework of the EP-LMTO methd§3*

volume is only 1% smaller than observed. In order to test the new correction, we calculated the equi-
The calculations in Fig. 1 described so far were all per-librium volume parameters and bulk moduli fod,34d, and
formed for a fixedc/a ratio. Now, consider the black dots 5d transition metal$® The PBE-GGA scheme contains an
connected by the full-line curve in Fig. 1 which are the re-intrinsic uncertainty in a coefficient [Eq. (14) in Ref. 22,
sults obtained when the above-mentioned downshift is apwhich is derived from an inequality relation that gives some
plied andthe c/a ratio is optimized at each volume simulta- degree of freedom in choosing its value. Physicakyre-
neously via total-energy calculations. Among thoseflects the degree of localization of the exchange-correlation
discussed here, the results of this calculation agree best withole. We found that the originally propogédralue of 0.804
experiments in the pressure range 0—400 kbar. At higheworks well for all nonmagnetic @ transition metals. How-
pressures, the experiments gradually approach the standagder, it should be considerably decreased in order to obtain
LDA results. This means that the downshift of thi §ates lattice parameters forddand %l metals in agreement with
should be reduced as the compression widens the bands. Ttegperiment. This is in line with the suggestions from the
is not surprising. The downshifting of the rather localized original PBE papéf and obviously reflects the fact that the
states described here is similar to the method used to calceéxchange-correlation hole gets more diffuse for heavier ele-
late the pressure-induced structural transformations cftin. ments. It also stresses the need for finding universal relation
As seen, SIC, GGA, and downshifting of thel 3tates betweenx and the charge density gradieit?n/(2kg)?.
(being completely different approacheall result in an im-  Since the value of 0.5 was found to be appropriate fr 4
provement of the conventional LDA picture. The underlying metals, we used it for hcp Cd. This stresses again that the
physics is, to our understanding, the following: The conven-degree ofd-electron localization is of crucial importance for
tional LDA approach fails to describe properly the localiza-getting correct structures for Zn and Cd.
tion of d states which are fully occupied in Zn. Indeed, the As regards other parameters in our FP-LMTO calcula-
underestimation of their localization yields an increadegl  tions, we used the triple- basis sethere x=E is an en-
hybridization and thus an additional positive contribution toergy of Hankel and Bessel functions, not to be confused with
the pressure, which contracts the lattice. It is most probablyhe « in the PBE-GGA scheme referred to abpweith the
connected with a poor description of the on-site Coulombmaximum angular momentuy,,,=<3 for the first,| =2
potential for these fully occupied states. While SIC resolvedor the second, and,<1 for the third energy channel
the problem in the most rigorous way, it is not surprising that(«?= —0.01,— 1.0, and— 2.3 Ry). The basis set was formed
the downshifting of thed states also works well. Both of from 3s23p®3d%s',4p® 4f° for Zn and 424p%4diss?t,
these corrections result in an increasededtate localization  5p°,4f° orbitals for Cd with “semicore” Zn 323p® and Cd
which reduces the-p hybridization and in turn corrects the 4s?4p® orbitals treated as localized orbitlsn the spirit of
d-state contribution to the energy of chemical bonding. It isSingh3® The calculations were performed in a spin-restricted
worthwhile noting that the LDA- U approach(see, for ex- scalar-relativistic mode. No spin-orbit coupling was taken
ample, Ref. 38 should also work well for the system con- into account. We used muffin-tin radii of 2.45 a.u. for Zn and
sidered. Since thérather localizegl 3d states are all below 2.75 a.u. for Cd at their experimental lattice parameters, re-
the Fermi level this approach will mainly shift these down in spectively, which were then scaled in the pressure simulation
energy, and the LDA U will be reminiscent of the simple according to the unit cell volume changes. The charge den-
downshift method? It was a matter of convenience for us to sity was calculated in the muffin-tin spheres for angular mo-
choose which technique to use in our investigations. We dementum components up 1g,,,=7. The samd cutoff was
cided to use the FP-LMTO methd@3*which we have suc- used when interpolating the charge density in the interstitial
cessfully used for simulating the effects of pressure on theegion over Hankel functions with energies ofL and —3
lattice dynamics of high-temperature superconductdrs, Ry. We found the results to depend critically on the number
combined with the generalized gradient approximation. Toof samplingk points. Only starting from 12 00R points in
this end we implemented the newest, to our knowledgethe full Brillouin zone can one obtain reliable results for both
“simple” version of the GGA to the local density functional the lattice parameters and the electric-field gradient tensor.
by Perdew, Burke, and Ernzerh¢PBE-GGA (Ref. 22  This fact was pointed out also in earlier studiésTo ensure
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FIG. 4. Dependence of the volume compressibilitg, ) on

pressure for hcp Zn and Cd. represents a result of @/@) total-energy optimization for a

particular volume. From this we then calculated the equation
reliability of our results we used 24 000points in the full  of state,V(P), for both metalgcf. Fig. 3. The pressure was
Brillouin zone (BZ). estimated as a total-energy derivati/=—dE(V)/oV],

In order to find the equilibrium lattice parameters, weand was calculated analytically from a sixth-order polyno-
calculated the total energy of hcp Zn and Cd for a wide rangenial fit to the total-energy results. A comparision with the
of c/a values for the unit cell volumes starting from experimental results by Takemura for 2R’ and Cd(Ref.
VIVy=1.04 (V, is the experimental unit cell voluméo 0.6  40) shows excellent agreement of the theory for low pres-
in steps of 0.01 and reducing them to 0.005 in a volumesures, while for higher pressures one can see an increasing
range where the/a anomaly takes place. We have to note deviation of our theoretical curves from experiment. It would
also that the use of atomic forces in conjunction with theappear that a similar overestimation of the pressures at small
usual minimi;ation algorithms to find equilibrigrﬂa fora  yolumes was already sedim Fig. 1) for all computational
particular unit cell volume was impossible, since the total-techniques used to obtain the correct equilibrium volume for
energy dependence @fa shows a double well structure in 7, iy Sec. |1. Although, the 8-downshift correction, if used,
the region of the anomaly. Elnally, th.e Brillouin zone Inte- gn4,14 in fact be reduced as the bandwidth is increased due
gratlons were performed using a weighted sum Integration the compression, and at very small volumes this calcula-
with a smearing parameter of 2 mRy. tion would approach the LDA result. As mentioned earlier,
the experiments also seem to agree with this. The SIC may
also exhibit such behavior. It remains to be investigated
A. Equation of state and bulk moduli for hcp Zn and Cd whether a similar reduction of localization may be reflected
In order to check the quality of our simulations, we cal- n a r_educt|on_of the parametar in the PBE-GGA that is .
culated the equation of stat¥(P), the volume compress- sufficient to bring _the high pressure results closer to experi-

ment. The theoretical pressure dependence of the volume for

ibility, and bulk modulus as a function of hydrostatic pres- Cd is also in good agreement with the experimental com-
sure for Zn and Cd. Figure 2 shows the total-energy

pression curvecf. Fig. 3 of Ref. 4} derived by using the
?:r?ge;g?r\]/g?u?nne\sloclgrr?s%(e\ﬁg)(jf;;;?hgr}gs(é?sfs:ggm)tlvvh(;le equation of staf® and (i) recent measuremerff$The the-
dependencies in a region around their minima Eacﬁ poin retical equilibrium volumes corresponding to zero pressure
' reV/V,=1.005 for Zn and 0.992 for Cd.
Figure 4 shows the pressure dependence of the volume
600 - AR ' compressibility[ Ky = — (1) (V(P)/aP)] of Zn and Cd.
As seen, for a wide range of volumésom V/Vy=1 t0 0.8

Ill. RESULTS AND DISCUSSION
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TABLE I. Theoretical =0 K) and room-temperature experimental data for bulk moduBys3Pa, volume compressibilityK,,), and
a- andc-axis compressibilitiesi, andK,) in units of GPa'%.

Btheor. Bexper. K{?eor. stper. K;heor. K:xper. Kéheor. Kgxper.
Zn 59.5 56.5(Ref. 43 16.8 17.7(Ref. 43 15 1.9(Ref. 43 13.8 14.0(Ref. 43
59.8 (Ref. 44 16.7 (Ref. 44 1.5 (Ref. 3 13.3(Ref. 3
58.0 (Ref. 12 1.6 (Ref. 45 13.8(Ref. 45
Cd 45.9 45.7Ref. 43 21.8 21.9(Ref. 43 2.4 2.5(Ref. 43 17.0 17.0(Ref. 43
47.6 (Ref. 41 21.0(Ref. 4)) 2.3 (Ref. 4 16.5 (Ref. 4))
46.7 (Ref. 49 21.4(Ref. 49

(starting fromV/Vy=0.8) their respective compressibilities V/V, from 0.92 to 0.85, especially if as will be discussed
are practically equal. Figure 5 displays the pressure depeitater we take into account the uncertainty in thi@ deter-
dence of the bulk moduIiIZ{:KQl) of these metals. The mination. The consistent overestimation ofa at higher

bulk moduli for Zn and Cd at zero pressure were found to bepressures may appear due to several reagon&rom the

in excellent agreement with experimentally measured onegxperimental side, there can be a nonzero pressure gradient
(cf. Table ). This kind of agreement between theoretical andat high pressures which may contribute to the deviation from
experimental bulk moduli is unusual since it is widely ac- hydrostatic conditions. In this case, it is very likely that the
cepted that the LDA error in their estimation is usually axis would be compressed at a faster rate and thus contribute

around 15-30 %. to the decrease of the/a ratio, since we show later in the
. . . - paper that the compressibility of theaxis is indeed much
B. Lattice parameters, c/a ratio, and axis compressibilities higher than that for tha axis. (i) From the theoretical side

Figure 6 presents the calculated dependence ohtaed ~We may guess that the GGA correction does not scale well
c lattice parameters on the unit cell volume for Zn and Cdwith volume. This possibility needs to be investigated in the
together with experimental resuitéCfor the whole range of future. We have examined the effect of including spin-orbit
unit cell volumes considered, while Fig. 7 shows this depencoupling: over a wide volume arcla range the total-energy
dence in the low pressure region. The calculated pressumesults are not affected.
dependence of the lattice parameters is found to be in good In order to demonstrate the highly anisotropic lattice
agreement with experiment. These calculations predicproperties of hcp Zn and Cd, we calculated thenda-axis
anomalous volume dependencescofis well asa in both  compressibilities. Generally, the compressibility along a
metals. The anomaly is somewhat more pronounced in given axis, «, is defined aX ,= —(1/a)(da(P)/IP). Its
than inc. This might explain why only the-axis anomaly dependence on relative volume was calculated analytically
was detected experimentaligf. Fig. 4 in Ref. 12. The cal- from a fit to a(P) andc(P) in the low and high pressure
culated and experimental pressure dependencéaofor Zn  regions(above and below the anomaly regiand by using
and Cd is plotted in Fig. 8. As seen, the calculations consisaumerical differentiation o&(P) and c(P) in the anomaly
tently overestimate/a at higher pressures for both Zn and region for both Zn and Cdcf. Fig. 9. In the absence of
Cd, although the maximum discrepancy does not exceed 2%xternal pressurd is several times greater th&h,, which
In the low pressure region, the theoreticéh values deviate clearly displays the highly anisotropic lattice properties of
from experiment by less than 1%. these metals. The axis compressibilities decrease monotoni-

The theoretical pressure dependence/af clearly shows cally when pressure is applied, witk, decreasing much
anomalies for both Zn and Cd. The volume at which thefaster than K,. Finally, at pressures corresponding
anomaly takes place in Zn \&/V,=0.89 which corresponds V/Vy=0.7 they become practically equal. For both metals,
to a theoretical pressure Bf=9 GPa and for Cd one can see both K, andK, show nonmonotonic behavi¢the pressure
two kinks on the theoreticalc/a curve: the first at derivative ofa(P) andc(P) diverges or changes rapidly
V/V,=0.92 and a second at 0.85. Actually, one can regar@round the volume at which tre#a anomaly takes placef.
this as a single, rather broad anomaly that spans the region &fg. 8). A comparison of the axis compressibilitiek { and

1.9}
FIG. 8. The calculatedopen circley and ex-
1.8} perimentakdots (Refs. 12, 27, and 4&hange of

(\Gj 8 ' c/a for hcp Zn and Cd as a function of relative
© 1.7k volume. Error bars indicate th&da region where
the total energy is essentially fledee discussion
" in the tex}. The insets show the/a dependence
1.6F weee?® Zn 1.6} around the anomaly region.
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hcp Zn and Cd as a function of relative volume.

(V/Vy=0.90 and 0.89 the distortion propagates further pro-
ducing a double-well shape &(c/a) around its minimum.
The energy barrier is extremely sméiround 0.03 mRy or
4-5 K) and an accurate determination of its height is beyond
the precision of the method. At finit@ven rather lowtem-
peratures, the total energy in thisa region appears essen-
tially flat. (But the appearance of the double-well structure,
which was also found earliéP;** indicates that aT=0 the
structural change at/a~1.73 is a first-order transitionThe
range ofc/a values for which th&(c/a) curve is essentially
flat is quite large, about 0.03. This makes it difficult to find
an exact minimum foE(c/a). Also, this is the reason why
we could not use the calculation of atomic forces for the
c/a optimization.

K.) for Zn and Cd at zero pressure with experiment is given A similar shape of the total energy verso& was also

in Table | and shows good agreement.
Such a peculiar dependence of the lattice parameters angs. In this anomalous regime we took the equilibrium

pressure(in a certain pressure regiprarises from a very c/ato be at the center of the flé&r double-well region, and

unusual total-energy dependenceda in a V/V, interval
around the anomaly. Figure 10 shows tBéc/a) curve
(filled circles for Zn at differentV/V, (the results for Cd

found for Cd for relative volumes in the range from 0.92 to

we indicate the possible range @fa values by error bars in
Fig. 8. In an attempt to understand the reason for such a
specific shape of the total energy, we calculated the energy

look similar. The total-energy curve is parabolic in the vol- band structure for Zifat V/V,=0.90) for differentc/a val-

ume region fromV/Vy=1 to 0.92(not shown in Fig. 10

ues along all high-symmetry directions in the BZ, but found

then becomes distorted at/V,=0.91 but still retains a no remarkable changes in band positions that could be re-
single, well pronounced minimum. For smaller volumessponsible for the effect. However, the total density of states
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at the Fermi levelN(Eg), as a function ot/a presented in

Fig. 10 (filled triangles definitely shows a local enhance-
ment ofN(Eg) coinciding with the center of the double well.
This local enhancement is very smalhbout 0.05-0.1
Ry 1) and can hardly be attributed to any kind of electronic
topological transition. The most probable reason for such a
peculiar total-energy dependence is a delicate balance in the
in-plane and interplanar chemical bonding in the hcp struc-
ture. A loss in total energy caused by an in-plane lattice
expansion is exactly compensated by a gain in the energy
due to the interplanar distance contraction. We speculate that
the dramatic phonon softening found in Ref. 13 might be
directly related to the specifiglat or double-well shape of

the total-energy curve in the “anomaly region.” Moreover, a
flat potential can also indicate the possibility of a pressure-
induced phase disorder in the syst&nexistence of hcp Zn

or Cd phases with differerd/a) which in turn could drasti-
cally affect the physical properties of these metals.

In fact, an anomalous behavior of the resistivity in Zn and
Cd under pressure was detected by LyrRaxactly at pres-
sures corresponding to the lattice anomalies in both metals. It
was found that the resistivity displays a local maximum in
this pressure region which can be understood from a drastic
phonon softening in the anomaly region. The phonon soften-
ing increases the probability of electron scattering giving rise
to the resistivity. Clearly, amb initio investigation of pho-
non properties under pressure is needed.

C. Electric-field gradient

The dependence of the electric-field gradient on hydro-
static pressure in hcp Zn was first measured by Petzal
and calculatetf using the FLAPW methoé® While the ex-
perimental data show a change in the slope of the pressure
dependence of the main componevi,, of the EFG tensor
at the pressure corresponding to tii@a anomaly, the calcu-
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FIG. 11. Theoretical volume dependence of the main componer 2 1
V,, of the electric-field gradient tensor for hcp Zn and Cd. Error N 0
bars indicate the uncertanties induced by a flat total-energy regio 3 > 2|
for c/a, as discussed in the text. = Z =
[2) D -4
@ @
. S 5 6 Z
lations were not able to detect any such anomaly. On th \gié 8 SN
other hand, if an anomaly io/a does exist, it is very likely e 10 T\

to induce a corresponding anomaly\fy,. This simply fol- I KMTA LH A I KMTA LH A
lows from the results of the same auth&tsyhich show that

the main contribution to the decrease of the EFG in hcp Zr V/Np=0.75 VAV=0.60

under external pressure is essentially determined by the di 4 ] 4 1
crease ot/a. In order to resolve this controversy, we calcu- 5 % / V/ 5 | \ /
lated the pressure dependence of EFG using our optimize 0 0 A
c/a values for all volumes considered and for both metals. < L/ N < L N
The main component was found always to be two times ‘m; 2 \ % 2]
larger than thev,, andV,, components, which in turn are 2 -4 z o 4
equal due to the symmetry properties of the hcp lattice. Fig & -6 o 61
ure 11 shows the pressure dependenc¥,gfin Zn and Cd. -8 - <$9 -8 Z-
As seen, the shape of the volume dependévigeis very -10 = -10
similar to thec/a vs V/V, curve(cf. Fig. 8 for both metals. r KMTA LH A r KMTA LH A

The anomaly inV,, exists at the same/V, value as forc/a.

This contradicts the conclusions of Ref. 14 that hydrostatic

pressure has little or no effect on the EFG tensor in Zn. The FIG. 12. FP-LMTO band structure along some high-symmetry
experimental values 0f,, for Zn are lower than the calcu- directions of hcp Zn for different relative volumes.

lated ones, but the overall volume dependenci giagrees We paid special attention to the position of the band lo-
well with experiment and exhibits the slope decrease for.ateqd at the point in the BZ since it was thoughit**to be
higher pressures. Again, we note that the flatness(efa)  responsible for all kinds of anomalies observed in hcp Zn.
in the anomaly region yields a region ofa values with  |ndeed, if this band were to cro&:, the topology of the
constant energy and in turn induces a corresponding uncefermj surface changes since the states at pbifecome
tainty region in the EFG tensor which is marked in Fig. 11occupied. In turn, this ETT would then cause the destruction
by error bars. of the giant Kohn anomaly which might in turn lead to sud-
den changes in the phonon system. However, as seen from
Fig. 12, the band at thie point never falls belovE: even for
the highest pressures considered. Actually, we found that its
Finally, we discuss the effects of pressure on the banénergy position depends crucially on thea parameter: for
structure and its impact on such an important characteristismaller c/a values the band does shift belolg, but it
of metals as the total density of states at the Fermi levelbecomes increasingly energetically unfavorafile., the to-
Figure 12 shows the band structure of Zn for six differenttal energy increases rapidly once this band becomes occu-
unit cell volumes and demonstrates that the band structure gfied). The fact that we found the/a anomaly in Zn and Cd,
hcp Zn changes considerably with press(he band struc- despite the absence of any such ETT acompanied by a de-
ture of Cd behaves similanlyFirst, note that for higher pres- struction of the giant Kohn anomaly, indicates that this spe-
sures the position of the Zrd3tateq(i.e., the dense group of cific ETT is not responsible for the appearance of the
bands around-8 eV belowEg) shifts consistently down in  anomaly. Thus, our results do not confirm the view ex-
energy relatively toEg and the bands become more dis- pressed in Refs. 13,14 on the nature of the lattice anomalies
persed. Another interesting feature of the Zn band-structurgn hcp Zn.
transformation with pressure is that starting from Unfortunately, we were unable to pinpoint a specific
V/Vy=0.75 a band gap opens in td_H plane in the BZ.  band-structure change that might be responsible for the

D. Band structure and density of states
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IV. CONCLUSIONS

Ouir first-principles full-potential LMTO investigations of
the electronic structure, lattice parameters, and EFG tensor
for hcp Zn and Cd under hydrostatic pressure are found to
reproduce correctly the experimentally found anomalg/i
atV/Vy=0.89 in hcp Zn. We also predict a similar anomaly
in hcp Cd forV/Vy=0.92 which is less clearly pronounced
and might be more difficult to detect experimentally. The
EFG tensor also exhibits an anomalous behavior at the same
VIV, values where the/a anomaly takes place in both met-
als. Our analysis does not support the idea that an ETT that
causes the destruction of the giant Kohn anomaly is prima-
0 rily responsible for the lattice anomalies in hcp Zn and Cd.

From the methodological point of view we showed that

FIG. 13. Total density of states & for hcp Zn and Cd as a the recently developed generalized gradient approximation to
function of relative volume. the local density functional by Perdew, Burke, and Ernzerhof
yields accurate equilibrium volumes and bulk moduli for hcp

anomalous lattice behavior of hcp Zn and Cd under pressuré @nd Cd, where the pure LDA fails. Other correction meth-
It turns out to be instructive to analyze the behavior of the2ds that reduce theé-p hybridization by downshifting the
total density of states at the Fermi levd(Er), under pres- states relative to their LDA energies also work well in this
sure, which provides a more average view on electroni¢®SPect.
structure transformations with pressure. Figure 13 presents
calculated values oN(Eg) as a function of the unit cell

volume for Zn and Cd. Normally, for an almost-free electron  We are grateful to K. Takemura for communicating his
metal one would expect a monotonic decreasd(fE) at  experimental data prior to publication and for very useful
reduced volumes due to increased band dispersion. Howevatiscussions, and thank A. Shick, W. Mannstadt, and A.
N(Eg) for both Zn and Cd displays a local enhancementLiechtenstein for their criticisms and fruitful discussions.
exactly around the volume region where the anomalg/an ~ Work at Northwestern University was supported by the Na-
and EFG takes place. Such lo®(Er) enhancement is most tional Science FoundatiofidDMR 91-20000 through the Sci-
probably the source of the anomalies studied in this paper. knce and Technology Center for Superconductivity, and by a
might be connected with a complicated Fermi surface transgrant of computer time at the NCSA, University of Illinois
formation and related to the interplay of in-plane and inter-Urbana—Champaign and at the Pittsburgh Supercomputing
planar chemical interactions under pressure. Note also thaenter. Work in Denmark and Argentina was supported by
the nonmonotonic behavior &f(Eg) is more pronounced in the Danish Natural Science Research Cou¢@rant No. 11-

Zn than in Cd, which might explain the fact that teéa  9685-1 and the Commission of the European Communities,
anomaly in Zn is stronger than in Cd—as discussed earlierContract No. CI¥-CT92-0086.

N(E,) (states/Ry unit cell)
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